The Escherichia coli FIS (factor for inversion stimulation) protein has been implicated in assisting bacteriophage Mu repressor, c, in maintaining the lysogenic state under certain conditions. In a fis strain, a temperature-inducible Mucts62 prophage is induced at lower temperatures than in a wild-type host (M. Betermier, V. Lefrere, C. Koch, R. Alazard, and M. Chandler, Mol. Microbiol. 3:459-468, 1989 
Maintenance of the lysogenic state of the transposable bacteriophage Mu (see reference 52 for a review) is ensured by the phage-encoded c protein which acts both as a regulator of early gene expression and as an inhibitor of the transposition reaction. c represses transcription of the early genes encoding two essential transposition functions, the transposase, pA, and protein pB, by binding to two operator sites, 01 and 02 ( Fig. 1A) (22, 39 ). An interesting feature of Mu repressor and transposase is their ability to recognize the same target sites on the phage genome. They both specifically interact with the ends of Mu DNA, attL and attR. In the case of pA, this occurs at three sites on attL (L1, L2, and L3) and on attR (R1, R2, and R3) (12, 24) . The same regions have been shown to be targets for repressor binding (12) . Both proteins also interact with an internal activating sequence (IAS), which overlaps the operator region and functions in cis (43, 47, 64) or in trans (63) to stimulate transposition 10-to 100-fold. These observations suggest that c could compete with pA for binding to the same sequences on the Mu genome. Indeed, several lines of evidence obtained in vitro and in vivo indicate that c inhibits Mu lytic growth at a posttranscriptional level by directly interfering with the transposition reaction (12, 47, 67, 67a) .
Host auxiliary DNA-binding proteins have been implicated in modulating the commitment to lysogeny or lytic growth at the level of transcription and of transposition.
Integration host factor (IHF), which binds and strongly bends DNA at specific recognition sites, takes part in a number of site-specific recombination reactions and regulatory processes in Escherichia coli (see reference 19 for a review). Binding of IHF to the early operator region of Mu (39, 69) can influence transcriptional control in different ways. By stabilizing the interaction of the repressor with sites 01 and 02, it may favor lysogeny (19, 20) , whereas in the absence of c (i.e., during lytic growth), it stimulates early transcription (23, 39) . In addition, IHF binding to the IAS directly stimulates in vitro transposition of a substrate with suboptimal supercoiling levels (62, 64) . A second related host factor, the heterodimeric histone-like protein HU, binds nonspecifically to DNA but induces curvature of the doublehelix axis (13, 28) . It contributes in vitro to the formation of an early intermediate in the transposition reaction, the synaptic complex between Mu ends and pA (11, 46) . While high concentrations of IHF can substitute for HU in vitro (62) , the observation that mutants deficient in both HU subunits exhibit reduced Mu plating efficiency and transposition (31, 35) provides in vivo support for the crucial role of HU in Mu growth.
Another host protein, FIS (Factor for Inversion Stimulation), has been shown to be involved in the maintenance of Mu lysogeny (4) . This homodimeric DNA-binding protein exhibits relatively low sequence specificity (30) and introduces a bend on binding (65) . It enhances certain sitespecific recombination reactions (2, 32, 36, 66) and acts as a transcriptional activator of rRNA and tRNA genes (49, 55) . A modulatory role for FIS in Mu development was inferred from the observation that induction of a Mucts62 prophage, encoding a thermosensitive repressor, occurs in vivo at lower temperatures in E. coli in the absence of FIS than in its presence (4) . As pointed out above, Mu repressor acts at two levels to inhibit the onset of the lytic cycle, and FIS could intervene at either of these.
To further characterize the mechanism of FIS action, we have used lac transcriptional fusions to investigate the effect of the protein on the repression of Mu early transcription in vivo. The (72) . DNA fragments were purified from agarose gels by using the Geneclean kit (Bio 101) or from low-melting-point agarose gels as described elsewhere (56) . For cloning purposes, M13mil was constructed by inserting an NsiI restriction site by linker tailing (41) into the HindIII site of M13mplO by using a single self-annealing oligonucleotide 5'AGCTATGCAT3' (by convention, restriction sites are underlined and specific mutations are shown in boldface). Site-directed mutagenesis of fragments cloned into M13mplO or M13mil was performed on uracilated templates as described elsewhere (40) by using T7 DNA polymerase for the elongation step. The sequences of mutagenized fragments were systematically confirmed prior to subcloning by using the Sequenase kit (U.S. Biochemical).
Construction of the X phages carrying the Mu-lac transcriptional fusions. Figure 3 shows (ii) Insertion of the p-independent transcription terminator.
The unique HindIII site of plasmid pBH857 (54) (iv) AMi4, AMi2, and AMi5. The HindIII fragments of pMi85, pMi86-1, and pMi91, which carry the mutated Mu left ends, were substituted for the corresponding fragment of pJV304 to give pMi9O, pMi88, and pMi92, respectively. The XMi4, XMi2, and XMi5 phages carrying the corresponding Mu-lac fusions were obtained by growing XRS45 on a lawn of CSH50 transformed with pMi9O, pMi88, or pMi92, respectively, and selecting for KMr primary lysogens on L agar plus lysogen was used to infect a lawn of CSH50 and purify each X derivative from a single plaque as described elsewhere (56) . CSH5O and Mi527 were lysogenized with the purified lysates.
Plasmid constructions. Figure 8 shows the maps of the plasmids carrying the mini-Mu's and of the compatible plasmids providing the Mu transposition functions.
(i) IAS-mini-Mu (pMi55). pmMu4 (kindly provided by C. Koch and R. Kahmann) carries the Taq I fragment of pTM2 (containing attL) (34) inserted into the ClaI site of pMu1034 (33) . A unique HindIII site was substituted for the ClaI site of pmMu4 by first ligating the BamHI fkCmr fragment of pHP45fl-Cm (17) to ClaI-digested pmMu4 (after Klenow treatment of both insert and vector fragments) and then deleting the Cmr marker by HindIII digestion and religation. Residual host sequences adjacent to the Mu left end on the resulting plasmid, pMi44, were removed by subcloning the 772-bp HaeIII-HindIII fragment (carrying attL) between the EcoRI (treated with Klenow) and HindIII sites of pMi44 to give pMi45. The HindIII CkSp/Smr fragment of pHP45 (17) was then inserted into the HindIII site of pMi45 to give pMi55; in this plasmid, transcription of the Sp/Smr gene is directed towards the Mu right end.
(ii) IASHindm mini-Mu (pMi58). pMi44 was digested by EcoRI, treated with Klenow, digested with HindIII, and ligated to the 1,014-bp HaeIII-HindIII fragment of pTM2 carrying the Mu left end. The HindIII lQSp/Smr fragment was then inserted into the HindIII site of the resulting plasmid, pMi46-1, to give pMi58. In this plasmid, the orientation of the Sp/Smr gene was as in pMi55.
(iii) IAS++ mini-Mu (pMill7). The 176-bp EcoRI-MluI fragment of plasmid pHKO9 (39) carrying operator sites 02 and 03 was inserted between the HindIII and MMuI sites of pMi46-1 to reconstruct the whole Mu operator region (prior to MluI digestions, the EcoRI and HindIII ends were made blunt by Klenow treatment). In the resulting plasmid, pMil1S, the repressor gene is transcribed from its own transcription signals. To inactivate the Pc promoter, the small HindIII-SacI fragment of pMill5 was inserted between the HindIII and SacI sites of M13mplO to give M13mi7, and the -35 box of Pc was mutagenized by using oligonucleotide 5'CTTAGGAGGGQCCfGGTGTfCCAAC G3' (which replaces positions 1082 to 1111 of the Mu left end). The HindIII-SacI fragment of the mutant phage, M13mi8, was reintroduced between the HindIII and SacI sites of pMi11S to give pMi116. Inactivation of the Pc promoter was confirmed by the inability of pMill6 to repress transcription of the Mu-lac fusion present in a XJV304 lysogen, while transcription was efficiently repressed in the presence of pMi1lS. The HindIII f1_Sp/Smr fragment of pHP45 treated with Klenow was then inserted in the SacI site of pMi1l6 (made blunt) to give pMi117. In this plasmid, the Sp/Smr marker is oriented as in pMi55 and pMi58.
(iv) FISEcoRV mutant mini-Mu's. The EcoRI-NsiI fragment of pMi45 carrying Mu attL was inserted between the EcoRI and NsiI sites of M13mil to give M13mi5. Site (5) to give pMilOO. The
EcoRV-EcoRI fragment of pLP103-6-3 carrying the Mu A and B genes (68) was then inserted between the EcoRV and EcoRI sites of pMi1OO to give pMilO6.
(b)
Step 2: cloning the Mu c+ gene under the control of PK..
A three-fragment ligation reaction was performed with the Klenow-treated HindIII-NsiI fragment of pJV300 (71) (c)
Step 3: assembly of pMilll and pMill2. The HindIIIEcoRI fragment of pMJR1560 (60) carrying the lacP gene was treated with Klenow at the HindIII site and inserted between the EcoRI and ScaI sites of pACYC184 (8) Southern blot analysis of chromosomal DNA. Total E. coli chromosomal DNA was prepared from overnight cultures grown in LB medium as described by Fayet et al. (16) and digested with EcoRI (for analysis of the Mu lysogens) or XhoI (for analysis of the X lysogens). Restriction fragments were separated on 0.8% agarose gels and transferred onto nylon Biodyne B membranes (Pall) under alkaline conditions as described elsewhere (56) . Purified probe Mu or X DNA was labelled with [a-32PldATP by using the Multiprime labelling kit (Amersham). Prehybridization, hybridization, and washing conditions of the membranes were essentially as described elsewhere (56) . Hybridizing fragments were revealed by autoradiography of the membranes on Hyperfilm-MP films (Amersham). In particular, X multilysogens were identified by the appearance of an 8-kb sidase activity (Fig. 3) (Fig. 4B) . At 420C, both strains exhibited the same high activities (Fig. 3) . The (Fig. 6A, lanes 6 to 8) , while a DNA fragment carrying the specific FIS binding site on Mu attL (4) gave rise to a specific retarded band resistant to challenge by nonspecific competitor DNA (Fig. 6A, lanes 1 to 3) . Note in both cases that high FIS concentrations generate additional nonspecific complexes (Fig. 6A, lanes 4 and 5 and 9 and 10) (see also reference 4).
In the absence of detectable specific FIS binding in the Mu operator region, we investigated the potential role of the FIS site, previously identified on attL (4) and also present in XJV304 (Fig. 3) , on early transcription. One possible way to do this is by deleting the attL region (i.e., the 221 leftmost bp of Mu DNA). However, because attL probably carries the natural transcription termination signals for the repressor gene (9) , such a deletion would alter the 3' end of c mRNA and may affect its stability. As suggested by the above experiments, possible associated changes in repressor levels could interfere with the effect of the fis mutation. To (Fig. 3) . Furthermore, although the activities in the fis background were significantly lower than in the wild-type strain, no preferential induction of Pe transcription occurred in a XMi2 fis monolysogen (Fig. 4B ). This could result from stabilization of cts62 mRNA by the hairpin structure introduced by the p-independent terminator at its 3' end (48) , leading to an increase in repressor synthesis. Northern (RNA) blot analysis confirmed this hypothesis and suggested that the c message was significantly more stable and at least 10-fold more abundant when produced from XMi2 (Fig. 7 , lanes 5 to 8) than from its parent AJV304 (Fig. 7, lanes 2 to 4) . In this experiment, the double-stranded DNA probe used for detection of the c transcript hybridized to three species (Fig. 7,  lanes 2 to 8 and 11 ). The two high-molecular-weight bands were also detected in total RNA extracted from CSH50 lysogenic for the parental phage XRS45 (Fig. 7, lane 10) and are therefore not Mu specific. Identification of the third, lowest-molecular-weight, species as c mRNA was confirmed with an oligonucleotide probe specific for the c transcript (Fig. 7, lane 1) . The production of cts62 protein by the two derivatives was assayed by Western blotting using anti-c antibodies. This experiment confirmed that cts62 was present in great abundance in XMi2 relative to XJV304 lysogens (Fig.  5, lanes 1 and 2) . The properties of XMi2 provide further evidence that an increase in the level of cts62 can suppress the need for FIS to maintain repression, even at nonpermissive temperatures.
Since the behavior of XMi2 precluded its use in studying the effect of deleting the FIS site, we chose to inactivate this site without modifying the surrounding sequences. An EcoRV recognition sequence was introduced into attL of XMi4 (see Materials and Methods) by substituting three of the four residues matching the left half of the consensus FIS binding sequence (Fig. 1B) (30) . Gel retardation assays confirmed that this mutation abolished FIS-specific binding in vitro to a linear DNA fragment carrying attL (Fig. 6B) . However, transcription of the corresponding Mu-lac fusion introduced into prophage XMi5 was still preferentially induced in a fis monolysogen to the same extent as that observed with the XMi4 and XJV304 derivatives (Fig. 3 and  4B ). This strongly suggests that the contribution of FIS to the maintenance of repression of Mu early transcription is not transmitted through a specific interaction with its site located in attL. Although we cannot exclude that FIS binding to the Mu early regulatory region occurs in vivo or under conditions different from those used in our in vitro gel retardation experiments, we speculate that a more general cellular function of FIS could be responsible for this phenomenon.
Direct inhibition of the transposition of mini-Mu constructs by the phage-encoded repressor. It has previously been shown that the efficiency of in vitro transposition of a mini-Mu carrying an incomplete IAS extending to the HindIII site (IAS indil mini-Mu) (Fig. 1A) was significantly reduced in the presence of purified c (12) . Thus, in addition to repression of early transcription, an inhibitory action of c on Mu transposition may also contribute to maintaining lysogeny. FIS could be involved in this second regulatory step. An in vivo mini-Mu transposition assay was designed to test this hypothesis.
As a first step in our analysis, the transposition of mini-Mu derivatives carrying various extents of the IAS was monitored in the presence or absence of repressor by using the conjugative plasmid pOX38Km as a transposition target in a standard mating-out assay. Three pBR322-related mini-Mu donor plasmids were constructed (see Materials and Methods). These were composed of a fragment of variable length from the left end and of the rightmost 1,024 bp of the Mu genome (attR), flanking an Sp/Smr marker (Fig. 8A) . The IAS-(pMi55), IASHindII (pMi58), and IAS`(pMil17) derivatives carried bp 1 to 739, 1 to 1006, and 1 to 1118 of the left end, respectively. In addition, since pMi1l7 carries the c gene together with its promoter, a mutation in the -35 box of the Pc promoter was introduced to render the plasmid c deficient (see Materials and Methods). Compatible complementing plasmids provided the transposition functions pA and pB in trans with (pMilll) or without (pMill2) the c+ repressor (Fig. 8B) . As the regulation of Mu transcription In the wild-type host, CSH50, and in the absence of repressor, transposition frequency increased with the size of the [AS fragment present in the mini-Mu (Table 2 ). The IASHrndIII derivative (pMi58) exhibited a 2-fold increase compared with its IAS-parent (pMi55), and an additional 11-fold increase was observed with the IAS++ mini-Mu (pMill7). This result confirmed the observations of Leung et al. (43) . In the presence of c, transposition of all derivatives was reduced to similar low background levels: inhibition factors (i.e., the ratios of transposition frequencies in the absence of repressor to those in the presence of repressor) were found to be 4 for the IAS-, 25 for the IASHinaIII, and 130 for the IAS+ mini-Mu's, respectively (Table 2) . This confirms and extends results demonstrating direct inhibition of transposition of an IASHrndIII mini-Mu by repressor in vivo (67) . e Ratio of the transposition frequency without c to that with c.
reintroduced into the different wild-type donor strains by P1 transduction immediately before the mating-out experiments (see Materials and Methods). In the absence of repressor, no significant effect of the fis mutation was detected for any mini-Mu derivative (pMi55, pMi58, and pMill7 in Table 2 ). The fis mutation itself thus does not seem to affect transposase activity. However, in the presence of c, the transposition frequencies of all mini-Mu's dropped as already described, but for all derivatives a two-to fourfold stronger inhibition was observed for the wild-type host compared with the fis strain. Control Western blots did not reveal any significant difference in the levels of repressor produced from plasmid pMilll between the wild-type and the fis strains (Fig. 5, lanes 7 and 8) . Thus, FIS appears to enhance the effectiveness of c in inhibiting transposition. In order to determine whether this effect involves the specific FIS binding site on attL, the behavior of a set of related mini-Mu derivatives carrying the FISEcoRV mutation was analyzed. While this mutation abolishes FIS binding, it does not modify the overlapping pA binding site, L2, in attL (Fig. 1B) . In the absence of repressor, all FISEcoRV mini-Mu's transposed at the same frequencies as their wildtype parents in both genetic backgrounds (Table 2 [compare pMi95 with pMi55, pMi96 with pMi58, and pMill9 with pMill7]). Thus, this mutation has no effect on transposase activity. In the presence of repressor, inhibition of transposition was observed for all FISEcoRV derivatives (pMi95, pMi96, and pMill9 in (37 to 38°C) in vivo. Inhibition of mini-Mu transposition in the presence of wildtype repressor is reduced two-to fourfold in the absence of FIS. These effects are small compared with the 600-to 800-fold higher yield in viral particles observed after partial induction of a fis strain monolysogenic for Mucts62 relative to a wild-type isogenic host (4). The disparity may reflect an amplification during lytic growth of the effects of the fis mutation on early transcription and on transposition or an additional inhibitory action of FIS at other stages of Mu growth. The magnitudes of the effects of the fis mutation on the control of transcription and transposition cannot, however, easily be compared directly. Indeed, as discussed below, there might be differences in the relative levels of repressor and FIS activity from one type of experiment to the other.
The need for FIS to maintain lysogeny can be compensated by an increase in repressor activity. Bacteriophage Mu lysogeny is principally ensured by interactions of the c protein with sites on the Mu genome, and its maintenance depends critically on the levels of active repressor in the cell. The thermosensitive cts62 protein is less active than the wild-type repressor, even at low temperatures (71) . In vitro, the affinity of c+ for its operator sites at 300C (Kd = 2.5 x 10-9 M) is 20-fold higher than that of ctr62 (5 x 10-8 M) . This difference is reflected in a 1.5-fold-higher repression of early transcription at 30'C by c+ compared with c1.62 (71) and a 10-fold-higher spontaneous phage yield in cultures of Mucts62 relative to Muc' lysogens at this temperature (3a).
However, several lines of evidence indicate that the intrinsically lower activity of c1.62 can be enhanced by an increase in the level of the protein. Thus, when the cts62 gene is expressed from a multicopy plasmid (1, 71) or when a stabilizing stem-loop structure is introduced at the 3' end of cts62 mRNA (see XMi2 in Fig. 3) , repression is improved, even at 420C.
FIS contributes to the maintenance of lysogeny only when repressor activity in the cell is low. Our search for outside suppressors of thefis mutation in Mucts62 monolysogens led to isolation of multilysogens carrying one to three additional copies of the prophage. These probably survived the temperature shift in the absence of FIS because of an increase in cts62 levels, even though the copy number of the operator region was raised concomitantly. Such gene dosage effects could be due to the cooperative binding of ct.62 to the operator which has been demonstrated in vitro (71) . Similarly, the fis phenotype of a XJV304 monolysogen, which harbors a Mucts62-lac fusion, is suppressed when the prophage copy number is increased. In addition, the need for FIS to maintain repression is completely abolished with the XMi2 fusion which overproduces cMs62 (Fig. 3) . Finally, a small effect of the fis mutation has been observed at 420C on MacConkey lactose plates with a fusion controlled by the wild-type repressor (3a) . This is consistent with the observation that c+-o perator interactions are less stable at 42°C (Kd = 2.5 x 10-M) than at 300C (2.5 x 10-9 M) in vitro (71) and suggests that the fis phenotype does not depend specifically on the cts62 allele but, rather, is conspicuous when the DNA-binding activity of the repressor is lowered.
FIS affects c action at the Mu operator and Mu ends. The data presented here indicate that thefis mutation results in a reduction of Mu repressor activity in vivo. Because two types of c binding sites have been identified, the operator region (high affinity) and the ends (low affinity) (12, 38) , FIS could influence c activity at either or both. The results obtained with the Mu-lac transcriptional fusions (Fig. 3) indicate that, when active repressor is limiting, repression of early transcription, which results from binding to the operator sites, is weaker in the absence of FIS. In the mini-Mu transposition assays, c+ is overexpressed from heterologous transcription signals on a multicopy plasmid and binding to the operator region is presumably complete. Under these conditions, it appears that FIS may modulate repressor interactions with the ends since, in the presence of FIS, a two-to fourfold increase in inhibition by c was observed independently of the presence or absence of the [AS-operator region (Table 2) . (50, 66) . FIS has been implicated in cellular processes, such as trans activation of stable RNA operons (49, 50, 55) and chromosome replication (18, 21) , which could allow rapid growth of E. coli. Our observation that Mu lysogeny is stabilized by FIS provides support for the idea that spontaneous induction of Mu transposition could occur preferentially during periods of restricted growth (e.g., stationary phase), when FIS levels are low (26, 58) .
